The first in vivo magnetic resonance study of experimental cerebral malaria is presented. Cerebral involvement is a lethal complication of malaria. To explore the brain of susceptible mice infected with Plasmodium berghei ANKA, multimodal magnetic resonance techniques were applied (imaging, diffusion, perfusion, angiography, spectroscopy). They reveal vascular damage including blood-brain barrier disruption and hemorrhages attributable to inflammatory processes. We provide the first in vivo demonstration for blood-brain barrier breakdown in cerebral malaria. Major edema formation as well as reduced brain perfusion was detected and is accompanied by an ischemic metabolic profile with reduction of high-energy phosphates and elevated brain lactate. In addition, angiography supplies compelling evidence for major hemodynamics dysfunction. Actually, edema further worsens ischemia by compressing cerebral arteries, which subsequently leads to a collapse of the blood flow that ultimately represents the cause of death. These findings demonstrate the coexistence of inflammatory and ischemic lesions and prove the preponderant role of edema in the fatal outcome of experimental cerebral malaria. They improve our understanding of the pathogenesis of cerebral malaria and may provide the necessary noninvasive surrogate markers for quantitative monitoring of treatment.
Introduction
Malaria results each year in hundreds of millions of clinical cases and causes over one million deaths. Cerebral malaria (CM), the most lethal complication in Plasmodium falciparum infection, leads to an encephalopathy with seizures and loss of consciousness. Although investigated extensively, the pathogenesis of CM is still unclear. It involves profound intravascular changes with sequestration of parasitized erythrocytes and host cells in cerebral microvessels. The host immune system plays a crucial role through cytokines and effector cells (Adams et al., 2002; de Souza and Riley, 2002; Hunt and Grau, 2003; Taylor et al., 2004) . The respective contribution of each process is still a matter for debate, but clearly cerebral complications may result from concomitant microvessel obstruction and inflammation (Medana et al., 2002; Ball et al., 2004) . Human brain studies, essentially limited to postmortem observations, have revealed, besides parasitized erythrocyte sequestration, edema, blood-brain barrier (BBB) breakdown, and petechial hemorrhages (Adams et al., 2002) . The few isolated cases of adults with CM studied by in vivo imaging techniques have shown brain swelling, small hemorrhagic lesions, and focal lesions in the cerebrum and brainstem (Kampfl et al., 1993; Millan et al., 1993; Looareesuwan et al., 1995; Cordoliani et al., 1998; Patankar et al., 2002) . Cerebellar edema and hydrocephalus have been described previously in an infant (Saavedra-Lozano et al., 2001) .
Infection of susceptible mouse strains with Plasmodium berghei ANKA provides a widely used experimental CM that shares some characteristics with the human disease including blood cell sequestration (de Souza and Riley, 2002 ) and a deleterious immune response (Lou et al., 1998; Bagot et al., 2002; Hunt and Grau, 2003) . Susceptible mice develop neurological manifestations such as hemiplegia or paraplegia, deviation of the head, tendency to roll over on stimulation, ataxia, seizures, and coma, followed by death (Lou et al., 2001) . Histological studies have shown that experimental CM is characterized by vascular plugging, BBB breakdown, petechial hemorrhages, and edema (Medana et al., 2001) .
We have been interested in imaging in vivo the pathophysiological alterations potentially leading to CM in susceptible mice. To this end, we used magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) that can noninvasively provide structural, functional, and metabolic information. We expected that these techniques could assess the importance of vascular damage and decipher the respective effects of obstructive and inflammatory processes.
To study the impact of CM on brain vasculature, we investigated the vascular anatomy of arteries with MR angiography (Beckmann, 2000) , a challenging technique on mice, and cerebral blood flow (CBF) by using quantitative arterial spin labeling perfusion MRI. BBB rupture was investigated using contrastenhanced T 1 -weighted MRI with a vascular contrast agent that extravasates at sites of leakage. This is the gold standard to pinpoint focal inflammatory lesions (McDonald et al., 1992) . Edema was assessed by measuring the apparent diffusion coefficient (ADC) that reflects water molecule diffusion. Finally, we used 1 H-MRS and 31 P-MRS to better understand the metabolic anomalies underlying brain injury in CM, in relation to (1) the energy metabolism failure as a consequence of vascular damage and (2) the impairment of specific neuronal and glial metabolisms.
Materials and Methods

Animals and parasite infection
Animal studies were in agreement with the French guidelines for animal care and approved by the local Committee on Ethics. Fifty female CBA/J mice (8 -10 weeks old) were used for this study, 20 as controls and 30 that were infected with P. berghei ANKA by intraperitoneal injection of 10 6 parasitized erythrocytes (Grau et al., 1986) . Parasitemia was monitored on days 4 and 7 of infection by examining Giemsa-stained blood smears. Mice were screened on a daily basis for neurological manifestations.
In vivo MR protocol
The mice were explored on a 4.7 T horizontal Bruker (Ettlingen, Germany) 47/30 AVANCE Biospec MR system. The images and 1 H spectra were acquired with a whole-body resonator for transmission and a head quadrature surface coil for reception. Animals were anesthetized by an intraperitoneal injection of ketamine (50 -100 mg/kg) and xylazine (10 -20 g/kg). The mice were placed in a cradle equipped with a stereotaxic holder, an integrated heating system to maintain the body temperature at 36 Ϯ 1°C, and a pressure probe to monitor the respiration.
MRI. Geometrical parameters for multislice T 1 -, T 2 -, and T 2 *-weighted images were as follows: 15 contiguous slices; 0.7 mm thick; matrix, 256 2 ; field of view (FOV), 25 2 mm 2 . T 1 -weighted images were acquired using a spin-echo sequence [echo time (TE), 15 ms; repetition time (TR), 0.6 s; two averages] before and after the intravenous injection of gadolinium (III)-diethyltriaminepentaacetic acid (Gd-DTPA; 1 ml/ kg; Magnevist; Schering-Plough, Levallois-Perret, France). T 2 -weighted images were acquired with a spin-echo sequence [TE, 40 ms; TR, 2.5 s; RARE (rapid acquisition with relaxation enhancement) factor 4; 2 averages], and T 2 *-weighted images were acquired with a gradient-echo sequence (TE, 17 ms; TR, 1 s; flip angle, 20°; three averages).
Multislice diffusion-weighted spin-echo echoplanar imaging was used to map the ADC [TE, 55 ms; TR, 3 s; 11 contiguous slices, 1 mm thick; matrix, 128 2 ; FOV, 25 2 mm 2 ; four segments; two averages for each direction (x, y, and z)]. Half-sine-shaped diffusion gradients were applied separately along x-, y-, and z-axis directions, with five increasing values of b-factor: 24. 31, 388.99, 803.81, 1367.55, and 1969 .27 s/mm 2 . Quantitative CBF maps were obtained with a Look-Locker arterial spin-labeling technique (Kober et al., 2004) . A series of 50 gradient echoes was acquired after each inversion pulse. The in-plane spatial resolution was 156 ϫ 312 m 2 , the TE was 1.56 ms, the slice thickness was 3 mm, the matrix was 128 ϫ 64, the FOV was 25 2 mm 2 , and the flip angle was 10°.
MR angiography was performed on an 11.75 T vertical Bruker AVANCE 500WB wide-bore MR system and a transmitting and receiving head resonator. Angiograms were acquired with a threedimensional, gradient-echo time-of-flight sequence (TE, 3.6 
MR data processing
All MR data were processed under the IDL environment (Interactive Data Language Research System, Boulder, CO).
MRI. Brain and ventricle (lateral and third) volumes were calculated from T 1 -weighted images. The lesion volume was calculated from T 2 hyperintensities.
The ADC maps were generated from the three sets of images recorded with increasing diffusion weighting along orthogonal directions (ADCx, ADCy, ADCz). The average ADC was determined from the trace of the diffusion tensor (van Gelderen et al., 1994) . For each direction, the ADC value was calculated pixel by pixel using a linear regression with the following equation:
CBF maps were calculated as described previously (Kober et al., 2004) . The blood/tissue partition coefficient for water was assumed to be ϭ 0.9 ml/g (Sun et al., 2004) , and T 1 of blood was determined as the average T 1 measured in a large brain vessel. CBF values Ͼ8 ml/g/min were masked in the CBF map to exclude large vessels.
Regional ADC and CBF values were evaluated as an average of pixel values in the cortex and the striatum.
Angiograms were produced by generating maximum intensity projections after interpolating raw data to obtain an isotropic resolution (588 m 3 /pixel 3 ).
MRS.
1 H-MRS data were processed as described previously (Viola et al., 2004) . Results were expressed as ratios of the relative area of each metabolite signal to the sum (S) of all metabolite signal areas: S ϭ N-acetylaspartate (NAA) ϩ creatine total (tCr) ϩ choline (Cho) for spectra recorded at a TE of 135 ms; S ϭ NAA ϩ tCr ϩ Cho ϩ glutamine plus glutamate (Glx) ϩ myo-inositol ϩ taurine for a TE of 16 ms.
Data processing of 31 P-MRS consisted of zero-filling (2048 points), apodization (20 Hz), Fourier transform, and zero-order phase correction. The chemical shifts were referenced to phosphocreatine (PCr) (Ϫ2.45 ppm). The signal amplitudes of PCr, inorganic phosphate (Pi), phosphomonoesters (PME), and ␣-, ␤-, and ␥-ATP were calculated using the AMARES time-domain-fitting procedure. The chemical shift between Pi and PCr was used to calculate brain pH (Arnold et al., 1984) . Saturation factors were calculated by comparing the integration values for each resonance obtained at a TR of 2 and 20 s (␤-ATP, 1.45; PCr, 2.02, Pi, 1.98; n ϭ 3). The metabolites were expressed as ratios of metabolites after correcting for signal differential partial saturation.
Statistical analysis
The statistical analysis was performed using the Mann-Whitney U test for two statistical populations or a Kruskal-Wallis analysis, followed by a Dunn's multiple comparison test, for three populations. Correlations were calculated by using the nonparametric Spearman's rank correlation test. Values are reported as means Ϯ SD. Significance was set at p Ͻ 0.05.
Results
Experimental CM is characterized by brain edema and parenchymal lesions All mice with CM presented with an increase in brain volume, often associated with ventriculomegaly, compared with uninfected animals (Fig. 1 A) . Brain and ventricle swelling were quantified. The increase in brain volume was significant (uninfected mice, 408 Ϯ 18 mm 3 ; CM mice, 467 Ϯ 20 mm 3 ; p Ͻ 0.001). Two patterns of variation in ventricle size were observed in relation to the severity of the neurological signs. Therefore, mice with CM were divided into two subsets: those with mild CM showed para-paresis, mild ataxia, or rare seizures and had no ruffled fur and no hypothermia, whereas those with severe CM presented with severe ataxia, hemiplegia or paraplegia, and frequent seizures, together with ruffled fur, hypothermia, and prostration. Hypothermia indeed represents a sign of full-blown CM, as opposed to a mild, incipient syndrome, as described previously (Grau et al., 1991) . No significant difference was observed between mild and severe CM regarding brain volume (Fig.  1 B) . In contrast, ventricle enlargement was important in mice with mild CM and moderate in mice with severe CM (Fig.  1 B) .
In addition to brain swelling, axial T 2 -weighted images from mice with CM displayed major tissue damage, mostly in the corpus callosum, evocative of edema and/or destructive lesions in this whitematter structure. Hyperintense lesions delineating the caudate-putamen were also observed ( Fig. 1 A) . The T 2 lesion load was significantly higher in mice with CM than in uninfected mice (Fig. 1 B) . A negative correlation was found between the lesion load and the ventricle volume in mice with CM ( ϭ Ϫ0.588; p Ͻ 0.05).
Sagittal images obtained from mice with CM showed a crushing of the cerebellum and of the pituitary gland and an engulfment of the brainstem in the foramen magnum as a result of brain swelling (Fig.  1C) . Brainstem and cerebellum distortions were estimated by measuring the increase in brainstem thickness (distance 1) and the variation in cerebellum shape (a reduction in distance 2 and an increase in distance 3). Significant cerebellum compression and displacement of the brainstem were apparent in mice with CM (Fig. 1D) .
To complete the evaluation of tissue damage in terms of edema, diffusion-weighted MR images were acquired (Fig. 2) . The ADC maps revealed a significant decrease in the ADC values within the striatum (uninfected mice, 0.731 Ϯ 0.09 ϫ 10 Ϫ3 mm 2 /s; CM mice, 0.666 Ϯ 0.046 ϫ 10 Ϫ3 mm 2 /s; p Ͻ 0.05; n ϭ 15) and a more pronounced reduction in the parietal cortex (uninfected mice, 0.756 Ϯ 0.117 ϫ 10 Ϫ3 mm 2 /s; CM mice, 0.638 Ϯ 0.051 ϫ 10 Ϫ3 mm 2 /s; p Ͻ 0.005; n ϭ 15).
Experimental CM is associated with cerebral hemorrhages and BBB disruption Inflammatory lesions were detected in mice with CM by a T 1 -weighted MRI in the presence of Gd-DTPA and characterized by an increase in signal intensity (Fig. 3A) . Areas of Gd-DTPA enhancement matched with hyperintense T 2 areas, indicating destructive lesions (Fig. 1 A) . An enhancement of the ventricles was also evidenced. No signal enhancement was observed in uninfected mice.
To check the presence of hemorrhages, we used a T 2 *-weighted sequence that enables the detection of areas of shorter relaxation times, attributable to the presence of paramagnetic iron in the blood, yielding hypointense signals (Fig. 3B) . T 2 *-weighted images from CM brains were characterized by the presence of "dark stains" within the parenchyma that are characteristic of petechial hemorrhages and areas of strong T 2 * damping within the cortex.
CBF is altered in experimental CM
Perfusion MRI and MR angiography were applied to unravel eventual vascular damage in CM. CBF maps showed a strong reduction of blood flow in mice with CM (Fig. 4 A) . Perfusion represents the capillary blood flow in a given brain region. Mean CBF dropped significantly in the striatum [uninfected mice (n ϭ 6), 1.313 Ϯ 0.174 ml/g/min; CM mice (n ϭ 9), 0.926 Ϯ 0.314 ml/g/min; p Ͻ 0.05] and even more in the cortex [uninfected mice (n ϭ 6), 1.135 Ϯ 0.305 ml/g/min; CM mice (n ϭ 9), 0.669 Ϯ 0.161 ml/g/min; p Ͻ 0.01]. The angiograms revealed a dramatic Figure 1 . Assessment of brain swelling in mice with CM. A, Typical axial multislice T 2 -weighted MR images from an uninfected mouse and a mouse with CM (c, cortex; cc, corpus callosum; hi, hippocampus; s, striatum, v, ventricles). Note the areas of hyperintense signal in the striatum and corpus callosum (H). B, Total cerebral, ventricular, and lesion volumes from uninfected mice (n ϭ 8), mice with mild CM (n ϭ 8), and mice with severe CM (n ϭ 5). C, Mid-sagittal T 2 -weighted MR images from an uninfected mouse and a mouse with CM. 1, Line going from the pituitary gland to the Sylvius aqueduct; 2, median line crossing the medial cerebellar nucleus; 3, median line stemming from the cerebellar obex (b, brainstem; cb, cerebellum; pg, pituary gland). D, Measurement of distances 1-3 from the mid-sagittal T 2 -weighted MR images of uninfected mice (n ϭ 8) and mice with CM (n ϭ 7). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005; ****p Ͻ 0.001. Scale bars: A, C, 1 mm. flow perturbation with attenuation in the arterial blood signal and major flow voids in severe CM. In this latter form, only the carotids and the Willis circle were clearly visible (Fig. 4 B) .
Brain metabolism reflects ischemia and neuronal injury in experimental CM
Brain 1 H-MRS of mice with CM performed with a TE of 16 ms showed a substantial decrease in NAA/S and an augmented level of Glx/S without any significant change in the myo-inositol/S level. The reduction in NAA/S was more pronounced in spectra recorded at a TE of 135 ms and was associated with a markedly elevated content of lactate. The analysis of these spectra from mice with CM showed a negative correlation between NAA/S and lactate/S ( ϭ Ϫ0.804; p Ͻ 0.01) (Fig. 5A, Table 1 ).
We found a trend to decrease for PCr/Pi and for ␤-ATP/Pi and a significant decrease in (PCr ϩ ␤-ATP)/Pi in mice with CM (Fig. 5B, Table 1 ). No variation in the PME level was observed (data not shown). Cerebral pH was reduced in CM mice by approximately Ϫ0.174 pH units.
Discussion
We present here the first study of experimental CM using in vivo MRI and MRS and have identified structural, vascular, and metabolic cerebral alterations. We show that experimental CM is characterized by major brain edema, parenchymal lesions, vascular dysfunction including BBB breakdown, reduced CBF, and dramatic arterial flow perturbations. These anomalies are associated with an impaired brain metabolism reflecting cellular injury and bioenergetic breakdown.
The metabolic profile in mice with CM is typical of brain ischemia. Indeed, our 31 P spectra showed a reduction in highenergy phosphates already described in experimental CM (Rae et al., 2004) . Here, we provide the first evidence for a significant decrease in cerebral pH. Similar metabolic anomalies have been reported in brain ischemia (van der Toorn et al., 1996) . Along with energy metabolism impairment and reduced pH, our finding of elevated brain lactate, in line with in vitro studies (Le Moyec et al., 1997; Sanni et al., 2001) , is an additional indicator of tissue ischemia. Interestingly, elevated lactate in the CSF of patients is considered as a major hallmark of human CM (White et al., 1985; Medana et al., 2002) . Lactate is essentially produced in the astrocytes (Pellerin and Magistretti, 2004 ) that, after hypoxia, increase their production by upregulating glycolytic enzyme. This ischemic metabolic profile is consistent with the reduced CBF measured in mice with CM.
In addition to ischemia, lactate may have an inflammatory origin because macrophages produce lactate after activation (Lopez-Villegas et al., 1995) . During experimental CM, we observed inflammatory lesions; therefore, we cannot exclude the contribution of macrophages to the lactate signal.
Our study also demonstrates in vivo a decrease in NAA mainly in the striatum and thalamus, in accordance with previous in vitro studies ). This neuronal marker is an acetyl group donor for lipid synthesis required for myelination and could be involved in neuron osmoregulation (Baslow, 2002) . A reduction in the NAA level is generally accepted as a sign of neuronal injury (Sager et al., 1999) . There was a strong negative correlation between NAA and lactate, suggesting decreased NAA synthesis with a short supply of glucose and oxygen.
Another metabolic feature of experimental CM was the increase in the Glx signal. High-resolution MR studies of brain extracts have demonstrated in CM an increase in glutamine and a decrease in glutamate (Le Moyec et al., 1997; Sanni et al., 2001; Rae et al., 2004) . Therefore, we can expect an increase of glutamine in vivo accounting for the high Glx signal. Besides, brain glutamine metabolism is modified after ischemia, with an overexpression of glutamine synthetase (EC 6.3.1.2) and a decrease in glutaminase activity (EC 3.5.1.2). These protective mechanisms counteract the excitotoxic effects of glutamate, which is taken up by Na ϩ /K ϩ ATPases in astrocytes and converted into glutamine during ischemia (Petito et al., 1992; Newcomb et al., 1998) . These processes could contribute to an increase in glutamine during experimental CM. The excessive production of glutamine in the brain of mice with CM, a cerebral osmolyte, may further elicit cell swelling and brain edema (Belin et al., 1997) .
Metabolic impairment in CM indicates acute brain suffering also visualized with MRI. Remarkably, the lesions in the corpus callosum and striatum involved in motricity control are similar to those reported in ischemia (Qiao et al., 2004) . In addition, a reduction in NAA, reflecting neuronal injury was observed in the striatum. Moreover, the hypointense T 2 * signals in the parenchyma are evocative of hemorrhages and/or the presence of a high number of iron-loaded monocytes/macrophages (Saleh et al., 2004) . In human CM, petechial hemorrhages, frequent in areas of high sequestration of parasitized erythrocytes, and ring hemorrhages consisting of concentric rings at the periphery of necrotic vessels have been described. Microglial astroglial nodules, Dürck's granulomas, are indicative of an inflammatory reaction in the vicinity of ring hemorrhages (Turner, 1997) . These lesions, if present in experimental CM, could contribute to the T 2 * hypointensities. CM is an encephalopathy with cell sequestration in microvessels. Although experimental CM resembles the human disease, the nature of sequestered cells constitutes a major difference (predominantly parasitized erythrocytes in humans and monocytes in mice) (Chang-Ling et al., 1992; Hearn et al., 2000; Hunt and Grau, 2003) . This sequestration acts synergistically with proinflammatory cytokines to produce deleterious effects, including killing of endothelial cells (Jennings et al., 1997 ) that may cause BBB disruption. We provide the first in vivo evidence for a BBB breakdown in CM using Gd-DTPA. This result confirms previous findings obtained with blue Evans dye (Thumwood et al., 1988; Piguet et al., 2000) . Moreover, the ventricle signal enhancement observed after Gd-DTPA injection on T 1 -weighted images indicates ventriculitis, a sign of acute inflammation (Nagahiro et al., 1994) .
We found that both cytotoxic and vasogenic edema are predominant features of experimental CM. Cytotoxic edema involves an influx of extracellular water into the intracellular compartment leading to cell swelling and irreversible cell damage. It results from anoxic depolarization subsequently to the failure of Na ϩ /K ϩ ATPases to maintain membrane potential after ATP loss (Latour et al., 1994; Harris et al., 2000; Ayata and Ropper, 2002) and is not considered as responsible for brain swelling, because it does not lead to a change in the total water content. It is characterized by a reduction in the ADC value because of con- strained diffusive motion in the extracellular compartment and by impaired energetic metabolism and reduced pH (van der Toorn et al., 1996) . We detected these features in experimental CM. Vasogenic edema is characterized by an expansion of the extracellular compartment after BBB breakdown and relocation of intravascular water into the extravascular compartment. Inflammation is one of the possible mechanisms at the origin of BBB disruption. Our results demonstrate that BBB lesions, brain swelling, and ventricle enlargement play a key role in the development of the cerebral syndrome and confirm the existence of a vasogenic edema.
Regulating mechanisms may temporarily circumvent the expansion of edema but ultimately fail to counteract its development. Ventricle enlargement is an adaptative mechanism to remove the extracellular fluid of the edema through the CSF pathways and was observed in mice with mild CM. However, ventricle volume in mice with severe CM was approximately the same as in uninfected mice. Brain expansion is limited by the inner cavity of the skull, which could explain that at the acute stage of CM a compression exerted by the swollen parenchyma occurs at the expense of the CSF compartment, leading to a reduction in ventricle volume. This reduction is associated with tissue destruction (corpus callosum and striatum), as indicated by the negative correlation between the lesion load and the ventricle volume.
The nature of hemodynamics disturbances in human CM is unclear, with conflicting results showing either vasodilatation or stenosis of brain arteries (Newton et al., 1997; Clavier et al., 1999) . Vessel vasodilatation was thought to cause brain swelling (Looareesuwan et al., 1995) . However, our MR angiograms showed a collapse of the blood flow as a result of a major compression of cerebral arteries by the brain parenchyma in experimental CM. Furthermore, the crushing of the cerebellum together with striatal lesions may partly explain ataxia, given the role of these structures in the control of motricity. The compression of the pituitary gland, involved in the control of sodium and water balance and temperature regulation, may contribute to worsen edema and lead to hypothermia, a well known feature of experimental CM. Finally, brainstem engulfment may induce respiratory distress. These complications arise from edema and may ultimately represent the cause of death.
A single animal model can hardly mimic all of the physiopathological features of a human disease, especially when the pathology shows so much variability in humans. Several common points between human and murine CM have long been recognized (Taylor-Robinson, 1995; Newton et al., 2000; de Souza and Riley, 2002) . The most widely used mouse model for CM presents 22 points of similarity/concordance with the human disease, as listed and discussed recently (Hunt and Grau, 2003) . A 23rd parameter can be added, namely the presence of dramatically elevated levels of microparticles (Combes et al., 2004; Combes et al., 2005) , a finding probably in line with the microcirculatory changes presented in this work.
Experimental CM reproduces an acute syndrome with a fatal outcome. Brain edema and intracranial hypertension play a crucial role in the pediatric pathogenesis, whereas they have been less frequently reported in adults, although major brain edema has been described in fatal cases (Looareesuwan et al., 1995) . Our investigations demonstrate that experimental CM is an ischemic pathology characterized by massive edema and thus is closer to the pediatric pathology (Saavedra-Lozano et al., 2001; Sanni, 2001; Hunt and Grau, 2003) . Brain edema and raised intracranial pressure have long been considered as essential pathogenic features of the child disease. Our results demonstrate that generalized massive edema eventually leads to compression of cerebral vessels.
This in vivo study gives new insights toward a better understanding of the pathogenesis of CM, which is still required to develop new therapeutic strategies. Multimodal MR techniques may provide the necessary surrogate markers to noninvasively and quantitatively monitor the efficacy of new treatments.
